The design and synthesis of two-dimensional (2D) materials has recently inspired its own branch of materials science. Since its discovery, [1] [2] [3] [4] graphene has been at the forefront of this latest discipline and is emerging as a promising material system. 5 Graphene has demonstrated exceptional electrical, 6 optical, 7, 8 chemical, 9, 10 and mechanical properties, 11, 12 including carrier mobilities greater than 100 000 cm 2 /VÁs, 13 and unlike the other well-studied carbon allotropes-nanotubes and fullerenes-graphene is compatible with planar processing technologies developed for silicon. Some formidable obstacles remain before graphene devices will compete with their silicon counterparts. So far, the highest quality devices have been fabricated on small flakes exfoliated from graphite, 1,2 but this approach is not suitable for wafer-scale device integration. Large-area graphene has been grown on various metals using chemical vapor deposition (CVD); however, this technique requires the transfer of the graphene onto insulating substrates. [14] [15] [16] A promising technique for forming large-area graphene directly on insulating substrates is to anneal SiC single crystals at high temperatures ($1400 C) in ultra-high vacuum (UHV). 17, 18 This results in Si sublimation, leaving behind a C-rich interface leading to the growth of graphene suitable for the fabrication of electronic devices. 17, 19 This process is, however, a costly and time-consuming method for producing electronically isolated graphene. Since graphene is a zero-gap semimetal, graphene devices rely on quantum confinement, 20, 21 strain, 22 doping, [23] [24] [25] or perpendicular electric field modulation 26 to achieve desired performances, but these require additional and often complicated processing steps. Currently, conventional processing technologies such as photolithography, e-beam lithography, and dry etching (O 2 ) are used to fabricate devices. This exposes the graphene sheets to various polymers and harsh chemical/mechanical treatment, thus leading to reduced mobility and unintentional doping of the graphene. Because of graphene's 2D structure, preservation of the surface and interface properties is essential for maximizing device performance.
There have also been promising reports of graphene synthesized on SiC by pulsed laser annealing (PLA). For example, Perrone et al. 27 used a q-switched Nd:YVO 4 to anneal the C-face of 4H-SiC in Ar and reported evidence for graphene formation, and Lee et al. 28 have shown that graphene can be grown on SiC single crystals in vacuum when irradiated with 500 pulses from a KrF excimer laser at a fluence of 1-1.2 J/cm 2 . In this paper, we report on a processing approach (see Figure 1 (a)) we have developed that integrates ion implantation (II) with thermal or PLA to selectively graphitize SiC only where ions have been implanted. [29] [30] [31] This approach is capable of producing arbitrary patterns of few-layer graphene (FLG) over large areas with nanoscale precision, at low processing temperatures, and in a variety of environments including air. Patterning of nanoscale graphene features was accomplished using a multi-ion beam lithography (MIBL), nanofabrication, and engineering (MionLiNE) system. The MionLiNE utilizes a variety of quick-change, liquid metal-alloy ion sources (LMAIS), and an ExB filter to produce scanned, nanometer-dimension, mass-selected ion beams (single, or multiply charged ions or ion clusters) accelerated through 15-40 kV and directed onto a sample stage that uses a laser interferometer and a 20 MHz, 16 bit pattern generator, and integrated software for lithographic patterning over 100 mm Â 100 mm areas. We have previously reported that graphene nanoribbons with dimensions ranging from 20-200 nm in width can be selectively grown on SiC crystals by maskless ion implantation of Au or Si and thermal annealing in 1 Â 10 À6 Torr vacuum to temperatures at least 100 C below that required to graphitize unimplanted SiC. 29 The advantage of thermal annealing implanted SiC is that graphene forms only in the implanted regions, while the surrounding and underlying SiC recovers its crystallinity. Here, we show that it is also possible to grow graphene only in implanted areas by PLA with an ArF laser. The attractiveness of this alternative is that PLA is a non-equilibrium, rapid annealing method that maintains the substrate surface near room temperature and can be performed with short processing times in a variety of environments including air.
To establish the PLA parameters, a 4 H-N type SiC single crystal was implanted over broad areas using the accelerator facilities at the Australian National University. The implant conditions and retained dopant concentrations as measured by ion scattering were 60 keV Au at 3. . Each implanted area as well as the unimplanted regions of the crystal were then annealed using a JPSATM IX-260 ArF excimer laser system with 193 nm wavelength, 25 ns pulse duration, and 20 Hz repetition rate. Metal masks were inserted into the laser beam and imaged on the sample as 45 lm Â 45 lm squares. Eight 45 lm Â 45 lm square areas were sequentially annealed with 500, 300, 100, 50, 10, 5, 2, and 1 pulses, in each region, at various fluences ranging from 0.1-1.2 J/cm 2 per pulse. The PLA regions were analyzed using micro-Raman with a 532 nm green laser, scanning electron microscopy (SEM), atomic force microscopy (AFM), and optical microcopy. Raman spectroscopy is ideal for distinguishing singlelayer graphene from multi-layer graphene and graphite 33 and to characterize disorder, stacking symmetry, and doping of the graphitic films. 34 Figures 1(b)-1(e) shows Raman, SEM, and AFM analyses for one such window, where unimplanted SiC was laser annealed with 50 pulses at 1.0 J/cm 2 per pulse. A region of FLG on SiC is compared to an unannealed area (Figure 1(b) ), illustrated by appearance of the so-called D-, G-, and 2D-bands in the Raman spectrum. 35 The presence of a large D-band, comparable in intensity to the G-band is consistent with previous reports of both thermal and laser annealing of the C-face of SiC. 28, 29 The relative intensity of the G-band with respect to the silicon carbide transverse optical phonon overtone (SiC TO(X) ) at 1520 cm , respectively) indicate the presence of FLG. 35 A Raman map of the G-peak (Figure 1(d) ) confirms that the presence of graphitic carbon at the surface is constrained to the PLA-exposed area. The patchy appearance of the Raman map may be due to surface melting of the unimplanted SiC at this high laser fluence. The SEM and AFM (Figures 1(c) To demonstrate the patterning capabilities of this technique, an SEM image of two nanoscale FLG lines is presented in Figure 3(a) . We also fabricated graphene micro-arrays by maskless ion-implantation that are similar to those patterned with conventional methods by Ju et al. 36 to demonstrate graphene plasmonics in the terahertz range. A periodic micro-ribbon array composed of five lines, each 2 lm wide and 10 lm long, separated by 2 lm was patterned on the sample (Figure 3(b) ). The Raman map of the 2D-band intensity (Figure 3(c) ) of this area shows graphitization only where the SiC was implanted.
The measurements in Figure 2 (b) suggest that the onset of graphitization occurs at lower fluences for the implanted catalytic species (Au and Cu) than for isoelectronic and selfdopants like Ge and Si. It should be noted that at these implantation conditions, Au and Cu also induce more lattice damage in SiC. However, crystalline SiC (c-SiC) becomes amorphous at quite low implant fluences $10
-10
15 ions/cm 2 compared to the doses used in our experiments, 37 and our implantation conditions were chosen to create comparable amorphous layer thicknesses. This suggests that ion species like Au and Cuthat behave as catalysts for CVD growth of graphene-may contribute catalytically to influence A G , however a more comprehensive study is needed to confirm this.
There appears to be a number of mechanisms contributing to the onset of SiC graphitization. When heated to high temperatures in UHV for long periods Si appears to sublimate, leading to graphitization. 17 If instead SiC is implanted with Au or Si, the graphitization temperature is reduced significantly, the underlying SiC recrystallizes, and FLG grows selectively in only the implanted regions. 29 PLA in UHV with 500 pulses from a KrF laser on unimplanted SiC initiates graphitization at about 1-1.2 J/cm 2 and the authors argue that as many as 500 pulses could not thermally sublimate enough Si to form even a monolayer of graphene. 28 They suggest that the laser induces photophysical Si-C bond breaking that allows the Si evaporation rate at the surface to exceed equilibrium effusion flux. Our PLA experiments on silicon integrated circuit (SIC) samples that are "doped" and rendered amorphous in the near-surface by ion implantation with a variety of different species, demonstrate the onset of graphitization at relatively low fluences, well below the melting threshold for c-SiC. 38 Depending on the fluence, the non-equilibrium PLA process can exclusively heat or even melt the near-surface. The effects associated with the PLA of amorphous SiC (a-SiC) have been investigated by Baeri et al. 39 who used timeresolved reflectivity to measure the surface melt thresholds of a-SiC formed by ion implantation. They created various- thickness amorphous layers in 6 H-SiC single crystals by Ar implantations and annealed the samples with a 25 ns, qswitched ruby laser (wavelength ¼ 694 nm) to determine the laser fluences at which surface melting occurred. Our experimental conditions differ somewhat, but some of their conclusions and observations can be applied to analyze our experiments. They concluded that the melting point of a-SiC ($2445 K) is much lower than that of the crystalline phase ($3500 K), and even lower than the temperature at which peritectic decomposition occurs ($2850 K). As a consequence of the differences in the absorption, thermal conductivity, and diffusivity between a-and c-SiC, their measurements and calculations conclude that the surface melting threshold is strongly dependent on the thickness of amorphous layers, raising the possibility that this may explain the trends observed in Figure 2 . Extracting fundamental parameters from their measurements, they were able to show that thin layers $50 nm required high laser fluences $1.3 J/cm 2 to melt, compared to only $0.4 J/cm 2 for layers thicker than 200 nm. But our amorphous layer thicknesses-33 nm (Cu), 26 nm (Au), and 31 nm (Ge), as measured by ion scattering/channeling 40 -are too thin and our A G onsets begin at such low fluences compared to melting that this mechanism seems improbable. This further suggests that doping or catalytic effects may be responsible for the observed threshold reduction, and/or that the mechanism does not require surface melting. Experiments are currently underway to resolve these issues.
We have demonstrated that ion implantation combined with pulsed laser annealing offers an approach for rapid synthesis of few-layer graphene and provides great flexibility for the study of the mechanisms of SiC graphitization. We observe selective graphitization of ion implanted SiC when annealed in air with an ArF pulsed laser at onset fluences far below those for unimplanted SiC. Both the ion induced damage and the implanted species are contributing factors. The laser fluence as well as the number of pulses at a given fluence can also be used to control the amount of graphitization. Coupled with multi-ion beam lithography, these techniques provide a low-temperature approach for direct synthesis of graphene nanostructures. Future studies will concentrate on quantifying the mechanisms contributing to graphitization and optimizing the experimental conditions for producing graphene devices and structures.
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